Aiming to identify novel genetic loci for pigmentation and skin cancer, we conducted a series of genome-wide association studies on hair color, eye color, number of sunburns, tanning ability and number of non-melanoma skin cancers (NMSCs) among 10 183 European Americans in the discovery stage and 4504 European Americans in the replication stage (for eye color, 3871 males in the discovery stage and 2496 males in the replication stage). We targeted novel chromosome regions besides the known ones for replication. As a result, we identified a new region downstream of the EDNRB gene on 13q22 associated with hair color and the strongest association was the single-nucleotide polymorphism (SNP) rs975739 (P 5 2.4 3 10 214 ; P 5 5.4 3 10 29 in the discovery set and P 5 1.2 3 10 26 in the replication set). Using blue, intermediate (including green) and brown eye colors as co-dominant outcomes, we identified the SNP rs3002288 in VASH2 on 1q32.3 associated with brown eye (P 5 7.0 3 10 28
INTRODUCTION
Natural hair color, eye color, skin color and sun sensitivity reflect the variation in human basal and transient pigmentation, which has been known to be highly heritable (1, 2) .
More recently, dozens of common genetic variants have been identified to be associated with pigmentary phenotypes from the genome-wide association studies (GWASs) and were reviewed by Gerstenblith et al. (3) . These GWASs identified genetic variants in the genes already known to be * To whom correspondence should be addressed at: 181 Longwood Avenue, Boston, MA 02120, USA. Tel: +1 6175252098; Fax: +1 6175252088; Email: jiali.han@channing.harvard.edu associated with pigmentation, such as melanocortin 1 receptor (MC1R) (4, 5) , oculocutaneous albinism II (OCA2) (4), solute carrier family 45, member 2 (SLC45A2) (4), tyrosinase (TYR) (5, 6) , tyrosinase-related protein 1 (TYRP1) (6) , kit ligand (KITLG) (5) and the agouti signaling protein (ASIP) (6) , and also identified novel potential pigmentation genes, such as solute carrier family 24, member 4 (SLC24A4) (4, 5) , two-pore segment channel 2 (TPCN2) (6) and interferon regulatory factor 4 (IRF4) (4) . Of interest, some of the genetic determinants are shared across different pigmentation traits, whereas others are distinct, suggesting various mechanisms of pigmentation across different organs (3) . Europeans have the majority of variation in pigmentation characteristics compared with other populations, especially in hair and eye colors (5) . In this study, we conducted a series of GWASs on hair color, eye colors, tanning ability and the number of sunburns in European Americans, aiming to identify novel genetic loci for pigmentation and to understand the variability of complex pigmentation characteristics in the general population to a greater extent. In addition, given that human pigmentation traits are susceptibility factors for skin cancer (3,7), we further evaluated the newly identified pigmentation loci in association with the risk of melanoma and non-melanoma skin cancer (NMSC). We also conducted a GWAS on the number of NMSCs in this study to identify new loci for the risk of NMSCs (8 -10) .
RESULTS
The samples used in each GWAS of the present study are summarized in Supplementary Material, Table S1 . The quantilequantile plots based on the meta-analysis did not demonstrate a systematic deviation from the expected distribution, with the overall genomic control inflation factors (l GC ) of 0.99-1.04 (Supplementary Material, Fig. S1 ). The Manhattan plot of each GWAS is presented in Supplementary Material, Figure S2 . We focused on the novel chromosome regions suggesting promising associations besides the previously known ones and selected the single-nucleotide polymorphisms (SNPs) with the strongest associations in these regions for replication. A total of 16 SNPs were finally selected for replication, with detailed information presented in Supplementary Material, Table S2 . Details of the SNP selection for replication are presented in Materials and Methods.
As a result, for the GWAS of natural hair color, the SNP rs975739, which ranked the top besides the known pigmentation SNPs in the discovery set (P ¼ 5.4 × 10 29 in the discovery set), revealed a nominal significance in both of the replication sets (P ¼ 0.05 in the skin cancer set, P ¼ 3.3 × 10 26 in the RF_NHS set and P ¼ 1.2 × 10 26 in the combined replication set, Table 1 ). This association reached a P-value of 2.4 × 10 214 after combining the discovery set and the replication set. The variant allele (G allele) of this SNP was associated with darker hair color with the regression parameter beta of 0.08 and a standard error (SE) of 0.01. Another tag-SNP rs1146927 in this region, which was in linkage disequilibrium (LD) with rs975739 (r 2 ¼ 0.84 in this study), was also replicated in the replication set (P ¼ 2.9 × 10 28 in the discovery set, P ¼ 0.03 in the skin cancer replication set and P ¼ 2.8 × 10 29 in the combined set, Supplementary Material, Table S3 ). Both of the SNPs (rs975739 and rs1146927) reached the GWAS significance level and revealed a similar association pattern (beta ¼ 0.8 and SE ¼ 0.01 for rs975739; beta ¼ 0.7 and SE ¼ 0.01 for rs1146927), suggesting the same signal represented by them. The association of the other tag-SNP rs58188699 in this region (LD r 2 ¼ 0.42 with rs975739 in this study) with natural hair color (P ¼ 7.5 × Renal function study nested within the NHS.
10
28 in the discovery set) was not replicated in the replication set (P ¼ 0.27 in the skin cancer replication set, Supplementary Material, Table S3 ).
These novel hair-color-related SNPs identified in this study are located in the region downstream of the endothelin receptor type B (EDNRB) gene. We additionally evaluated the association of all the SNPs within 200 kb surrounding the gene region with hair color. The regional association plot in the discovery set is presented in Figure 1 . After adjustment for the SNP rs975739, the associations of 1611 SNPs in this region were substantially attenuated, and none of them remained regionally significant (0.05/1611 ¼ 3.1 × 10
25
, the smallest P ¼ 1.5 × 10 24 after adjustment, Fig. 1 ). We also constructed the haplotypes based on the three tag-SNPs (rs975739, rs1146927 and rs58188699). When we used the most prevalent haplotype (the combination of the common allele of rs58188699 with the rare alleles of both rs975739 and rs1146927, 38.7% of the population) as a reference, the haplotypes with the common alleles of both rs975739 and rs1146927, together with either the rare allele (37.8% of the population) or the common allele (18.9% of the population) of rs58188699, were marginally associated with lighter hair color (P ¼ 0.08, beta ¼ 0.07, SE ¼ 0.04 with the rare allele of rs58188699, and P ¼ 0.07, beta ¼ 0.05, SE ¼ 0.03 with the common allele of rs58188699), suggesting that these associations were originally from the same signal as rs975739 and rs1146927. Additionally, all of the 117 SNPs with P , 1 × 10 27 in the discovery stage were in LD (r 2 . 0.6). The SNP rs975739 was not associated with eye colors (P ¼ 0.78 for brown eye color, P ¼ 0.33 for intermediate eye color, P ¼ 0.46 for blue eye color), tanning ability (P ¼ 0.72) or the number of sunburns (P ¼ 0.67). Similar results were detected for the other two SNPs (rs1146927 and rs58188699). We also evaluated the association between the two significant SNPs and red hair color phenotype, and no significant association was found (P ¼ 0.95 for rs975739 and P ¼ 0.90 for rs1146927).
We also replicated the association between the SNP rs12421680 in the neurotrimin (NTM) gene on chromosome 11 and the number of sunburns (P ¼ 5.3 × 10 25 in the discovery set and P ¼ 0.02 in the replication set, Table 2 ). After combining the discovery and replication sets, P-value for the association of this SNP reached 5.6 × 10
26
. The variant allele (A allele) was associated with an increased number of sunburns (beta ¼ 0.41, SE ¼ 0.09). Additionally, based on the transcript expression profiling data of 79 HapMap CEU cell lines (NCBI GEO database, accession GSE7792) (11), we found that the AA genotype was associated with a lower expression of NTM than the GG/GA genotypes (P , 0.001, Supplementary Material, Fig. S3 ). There was no association between this SNP and eye colors (P ¼ 0.54 for brown eye color, P ¼ 0.69 for intermediate eye color, P ¼ 0.80 for blue eye color), natural hair color (P ¼ 0.55) or tanning ability (P ¼ 0.49). Because the imputation quality of this SNP was not particularly high in four subsets in the discovery stage (imputation r 2 : 0.61-0.62 for T2D_NHS, CHD_NHS, T2D_HPFS and CHD_HPFS), we re-genotyped this SNP in the subset of T2D_HPFS using TaqMan assay to validate the result. The association of this SNP with the number of sunburns was comparable by using the re-genotyped data (beta ¼ 0.82, SE ¼ 0.30, P ¼ 0.01) and the imputed data (beta ¼ 0.88, SE ¼ 0.38, P ¼ 0.02).
As for the GWASs on eye color, we replicated the association of the SNP rs3002288 in vasohibin 2 (VASH2) with brown eye color (P ¼ 7.0 × 10 28 in the combined set; P ¼ 4.3 × 10 25 in the discovery set and P ¼ 3.3 × 10 25 in the replication set), as well as the association of the SNP rs12520016 upstream of DNA polymerase sigma (POLS) with intermediate (including green) eye color (P ¼ 9.1 × 10 27 in the combined set; P ¼ 4.7 × 10 25 in the discovery set and P ¼ 0.03 in the replication set, Table 3 ). The variant allele of rs3002288 (A allele) showed an inverse association with brown eye color (beta ¼ 20.22, SE ¼ 0.04), and the variant allele of rs12520016 (G allele) showed a positive association with intermediate eye color (beta ¼ 0.42, SE ¼ 0.08). The association between the SNP rs3002288 and brown eye color was approaching the GWAS significance level of 10
28
. Neither of the two SNPs revealed an association with natural hair color (P ¼ 0.37 for rs3002288 and P ¼ 0.58 for rs12520016), tanning ability (P ¼ 0.93 for rs3002288 and P ¼ 0.71 for rs12520016) or the number of sunburns (P ¼ 0.57 for rs3002288 and P ¼ 0.91 for rs12520016). Of interest, we found that the SNP rs7173419 located in the intron region of the OCA2 gene revealed a significant association with brown eye color (T allele, beta ¼ 0.33, SE ¼ 0.06; P ¼ 1.3 × 10 27 in the discovery set), whereas this association was inverted (T allele, beta ¼ 20.48, SE ¼ 0.08; P ¼ 1.5 × 10 28 in the discovery set) after adjustment by the top SNP in this region (rs12913832, A allele, beta ¼ 2.82, SE ¼ 0.10;
2177 in the discovery stage of brown eye color GWAS). The SNP rs12913832 is located upstream of OCA2 (in the intron of HERC2) and known as a pigmentation SNP by controlling the expression of OCA2 (12, 13) . We replicated this finding in the replication set (rs7173419, T allele; beta ¼ 0.56, SE ¼ 0.07, P ¼ 4.1 × 10 215 before adjustment by rs12913832; and beta ¼ 20.21, SE ¼ 0.10, P ¼ 0.04 after adjustment by rs12913832). We further conducted a stratification analysis of the SNP rs12913832 by the genotypes of rs7173419 among the pooled population of the discovery set and the replication set. As shown in Table 4 , the effect of the SNP rs12913832 on brown eye color decreased with more counts of the variant allele (T allele) of rs7173419, and the interaction of these two SNPs was significant (P ¼ 3.8 × 10
23
). As for the number of NMSCs, we identified two independent SNPs on chromosome 6 (LD r 2 ¼ 0.12): rs12203592 in IRF4 with a P-value of 7.2 × 10 214 in the combined set (T allele, beta ¼ 0.21, SE ¼ 0.03; P ¼ 1.8 × 10 28 in the Adjusted for age and the top four principal components of genetic variance in the discovery sets and adjusted for age and gender in the skin cancer replication set. discovery stage and P ¼ 6.7 × 10 27 in the replication stage) and rs12202284 between IRF4 and exocyst complex component 2 (EXOC2) with a P-value of 5.0 × 10 28 in the combined set (A allele, beta ¼ 0.15, SE ¼ 0.03; P ¼ 6.6 × 10 27 in the discovery stage and P ¼ 3.0 × 10 23 in the replication stage; Table 5 ). After mutual adjustment by each other, the association of each SNP with the number of NMSCs remained significant (P ¼ 6.0 × 10 24 for rs12203592 and P ¼ 5.8 × 10 23 for rs12202284), suggesting independent effects of these two SNPs. We previously reported an association of the SNP rs12203592 with hair color (4) and tanning ability (14) . In this study, we additionally found a significant association of this SNP with the number of sunburns (T allele, beta ¼ 1.13, SE ¼ 0.24; P ¼ 2.2 × 10
26
; Table 6 ). We also identified a novel SNP rs8015138 upstream of guanine nucleotide-binding protein, gamma 2 (GNG2), on chromosome 14 associated with the number of NMSCs with a P-value of 6.6 × 10 28 in the combined set (C allele, beta ¼ 20.11, SE ¼ 0.02; P ¼ 5.3 × 10 27 in the discovery stage and P ¼ 0.01 in the replication stage; Table 5 ).
We did not find novel susceptibility loci for tanning ability, but replicated the previous findings, including rs12203592 in
222 ) and rs1805007 (P ¼ 1.1 × 10
265
) and rs1805008 (P ¼ 1.3 × 10 213 ) in MC1R (Table 6 ). Based on the knowledge that human pigmentation traits are host susceptibility factors for skin cancer (7), we further evaluated the association between the pigmentation determining loci and melanoma risk using the melanoma GWAS of the MD Anderson Cancer Center with 1804 melanoma cases and 1026 controls. As shown in Table 7 , the SNP rs12520016 associated with intermediate eye color was associated with decreased risk of melanoma (G allele; OR, 0.74; 95% CI, 0.58 -0.95; P ¼ 0.02). The SNP rs12421680 associated with increased numbers of sunburns and lower expression of the gene NTM was associated with increased risk of melanoma (A allele; OR 1.12; 95% CI 1.00-1.26; P ¼ 0.05). Consistent with the interaction between the SNP rs7173419 and the SNP rs12913832 on brown eye color, the protective effect of the SNP rs12913832 on melanoma risk was most significant among the carriers of CC genotype of rs7173419 (OR 0.64; 95% CI 0.53-0.77; P ¼ 3.6 × 10
26
), compared with the carriers of CT genotype (OR 0.76; 95% CI 0.61 -0.94; P ¼ 0.01) and TT genotype (OR 1.05; 95% CI 0.63 -1.73; P ¼ 0.86). The interaction was borderline significant (P-value for interaction ¼ 0.07, Table 4 ). Besides, the SNP rs12203592 associated with increased number of NMSCs was also associated with increased risk of melanoma (T allele; OR 1.18; 95% CI 1.02 -1.34; P ¼ 0.02, Table 7 ).
In Table 6 , we summarize the pigmentation SNPs identified in the previous GWASs (4-6) and the present study. We presented the associations of them with natural hair color, eye colors, tanning ability, the number of sunburns, mole counts, as well as the risk of melanoma, basal cell carcinoma (BCC), squamous cell carcinoma (SCC) and the number of NMSCs in our study population. In addition, we found that the associations of the SNPs newly identified in the present study remained similar after further adjusting for the pigmentation SNPs identified in the previous studies (rs16891982, rs12203592, rs1408799, rs35264875, rs3829241, rs1126809, rs1042602, rs12821256, rs12896399, rs12913832, rs1805007, rs1805008, rs4911414 and rs1015362, as listed in Table 6 ), suggesting they are independent from the previously known pigmentation SNPs (Supplementary Material, Table S4 ). We further screened the pair-wise interactions between these SNPs (including the ASIP haplotypes composed of rs4911414 and rs1015362) on pigmentation traits. None of them revealed significant interactions with each other on any pigmentation traits after the Bonferroni correction (P ¼ 0.05/78 ¼ 6.4 × 10
24
).
DISCUSSION
Previously, we reported the GWASs of hair color and tanning response among 2287 women with 528 173 SNPs genotyped by the Illumina HumanHap550 (4, 14) , in which we identified novel loci associated with hair color and tanning response in the gene regions of IRF4 and SLC24A4 in addition to the known ones, MC1R, OCA2 and SLC45A2 (4) . In the present study, we enlarged the sample size to 10 183 men and women and analyzed 8 221 074 autosomal SNPs imputed from 1000 Genomes Projects on hair color, tanning ability, the number of sunburns and the number of NMSCs. We additionally conducted a GWAS on eye color among 3871 males with 2 543 887 HapMap imputed autosomal SNPs. Using a multistage study design, we identified several novel genetic variants associated with pigmentary phenotypes and the risk of skin cancer. A novel region in the EDNRB gene was most significantly associated with natural hair color. The EDNRB gene encodes a G protein-coupled receptor that activates a phosphatidylinositol-calcium second messenger system. Studies suggest that mutations in EDNRB can cause Waardenburg syndrome, which is characterized by pigmentation abnormalities, including depigmented patches of the skin and hair, vivid blue eyes or heterochromia irides and sensorineural hearing loss (15) . The requirement for EDNRB signaling pathway during melanocyte development has been reported (16, 17) . However, the previous studies on genetic variants were limited to the nonsynonymous mutations (15) .
In the present study, we identified a region downstream of this gene associated with natural human hair color, and the SNP rs975739 revealed the strongest association (P ¼ 2.4 × 10
214
). Our finding was consistent with a previous study presented at the 2010 meeting of the American Society of Human Genetics (18) , reporting an association between another EDNRB SNP rs1668619 (in complete LD with rs975739) and hair color with a P-value of 1 × 10
28
. The SNP rs1668619 reached a P-value of 6.8 × 10 29 in our hair color GWAS. We did not find significant association between variants in this region and melanoma risk, and the conclusion of the association between EDNRB and melanoma risk was still controversial (19, 20) . No association was identified for tanning ability or the number of sunburns either, suggesting the involvement of this gene in the basal pigmentation but not the response to sun exposure.
In consistent with our previous findings on the association of the IRF4 SNP rs12203592 with increased risk of all three types of skin cancer (21), we further found that this SNP was associated with an increased number of NMSCs. We also confirmed the association of this SNP with melanoma risk among an independent population from our previous report in the melanoma GWAS of the MD Anderson Cancer Center. IRF4 regulates gene expression in response to interferon and other cytokines (22) and is involved in tumor immunity (23), which is plausible to play an important role in cancer development. The other SNP rs12202284 associated with the number of NMSCs was located between IRF4 and EXOC2. We previously reported another SNP rs12210050 in this region associated with an increased risk of both BCC and SCC (24) . These two SNPs (rs12202284 and rs12210050) were in modest LD (r 2 ¼ 0.77) and revealed similar effects on the number of NMSCs in the present study (rs12202284, A allele, beta ¼ 0.15, SE ¼ 0.03; P ¼ 5.0 × 10
; rs12210050, T allele, beta ¼ 0.19, SE ¼ 0.04, P ¼ 8.5 × 10
), which may represent the same causal signal. Neither of the two SNPs was in LD with the SNP rs12203592 in this study (r 2 ¼ 0.10 and 0.12, respectively). An NTM polymorphism was associated with the number of sunburns in this study. NTM is a member of the IgLON family of immunoglobulin domain-containing glycosylphosphatidylinositol-anchored cell adhesion molecules (25) , which is Coronary heart disease case-control study nested within the NHS.
f Coronary heart disease case -control study nested within the HPFS.
g Skin cancer case-control study nested within the NHS and HPFS.
h Adjusted for the top four principal components of genetic variance in the discovery sets and adjusted for gender in the skin cancer replication set. involved in a variety of specific cell -cell interactions in the developing nervous system (26) . As for the skin, NTM was involved in the aging process as a marker of cell adhesion, and a down-regulation of NTM was detected during the replicative senescence of human dermal fibroblasts (21) . Although the studies of NTM have been mostly limited to the neural system, our finding of the association between an NTM polymorphism and the number of sunburns, along with the evidence from a previous study on skin (21) , suggested a promising role in cell adhesion that NTM might play in the skin besides the neural system. The lack of association between the NTM SNP with natural hair color and tanning ability further suggested a pigmentation-independent mechanism underlying sunburn reaction.
The presence of melanin pigment within the iris is responsible for the visual impression of human eye colors (12) . The function of the two genes identified in eye color GWASs (VASH2 and POLS) remained unknown in terms of pigmentation. VASH2 was known to play a role in the regulation of angiogenesis (27) , and POLS was involved in DNA synthesis (28) . Further studies on the two genes are required to validate the involvement in pigmentation process, especially in the eyes. The association of the POLS polymorphism and melanoma risk is upon further replication, and functional studies are warranted to investigate the biological mechanisms.
The GNG2 gene was identified as a novel locus conferring susceptibility to the number of NMSCs in this study. GNG2 encodes one of the gamma subunits of a G-protein, which is involved in signaling mechanisms across membranes and has been known to play important roles in the development and progression of various cancers. The G-protein bg subunits play an important role in melanoma cell migration by crosstalk with Epac in Ca 2+ signaling (29) . However, there was still lack of specific studies of GNG2 on NMSCs.
One limitation of this study is that we used self-reported pigmentation information. However, information on hair color and eye color is relatively objective, and a high reliability of self-reported tanning ability and sunburn history has been demonstrated in the previous studies (30, 31) . The high education level and interest in the health of cohort members further allows high quality and valid information to be collected on self-administered forms, and the self-reported pigmentation phenotypes in our cohorts significantly predicted the risk of skin cancers (including melanoma, SCC and BCC) in the previous studies (7, 32, 33) . Another limitation on the pigmentation information was that we had categorized information only for some continuous pigmentation traits, such as hair color, which may limit our power to reveal more new pigmentation genes.
In summary, we newly identified several genes and loci associated with human pigmentation traits and skin cancer risk by conducting a series of GWASs on hair color, eye colors, tanning ability, the number of sunburns and the number of NMSCs among individuals of European ancestry. The identification of these novel genetic determinants of pigmentary phenotypes and skin cancer may help further understand the complex mechanisms of human pigmentation and the genetic basis of skin cancer. The different variants identified for different traits may explain the highly variable pigmentation characteristics in European Americans. External replication is needed to extend our finding to other populations.
MATERIALS AND METHODS

Study population
Pigmentation GWASs
In the discovery stage of the GWASs on hair color, tanning ability, the number of sunburns and the number of NMSCs, we combined data from five case -control studies nested within the Nurses' Health Study (NHS) and the Health Professionals Follow-up Study (HPFS): a postmenopausal invasive breast cancer case -control study nested within the NHS (BC_NHS, n ¼ 2287), a type 2 diabetes case -control study nested within the NHS (T2D_NHS, n ¼ 3116), a type 2 diabetes case -control study nested within the HPFS (T2D_HPFS, n ¼ 2487), a coronary heart disease casecontrol study nested within the NHS (CHD_NHS, n ¼ 1146) and a coronary heart disease case-control study nested within the HPFS (CHD_HPFS, n ¼ 1147). We excluded the breast cancer cases in BC_NHS for the GWAS on the number of NMSCs. In the replication stage, a fast-track replication was conducted among 1782 healthy controls in the skin cancer case -control study nested within the NHS and HPFS (skin cancer). Two pigmentation SNPs successfully replicated in the skin cancer set were selected for a second replication among 2722 individuals from a renal function study nested within the NHS (RF_NHS). Information on eye color was available in the HPFS only, so we combined data from three GWAS sets within the HPFS, T2D_HPFS, CHD_HPFS and a kidney stone case-control study nested within the HPFS (KS_HPFS, n ¼ 515), with a total of 3871 men in the discovery stage of eye color GWASs. Two novel SNPs with promising association were selected for replication among 2496 participants from the prostate cancer case -control study nested within the HPFS (PrCa_HPFS). Overlapped samples among the component data sets were excluded. Detailed descriptions of the study population were published previously (34) (35) (36) (37) (38) . The study protocol was approved by the Institutional Review Board of Brigham and Women's Hospital and the Harvard School of Public Health.
Information on pigmentation traits was collected from prospective questionnaires in both the NHS and HPFS using similar wording, except for natural eye color, which was collected in the HPFS questionnaires only. We regressed ordinal ) and one region on chromosome 5 with intermediate (including green) eye color (smallest P ¼ 3.1 × 10 26 ). For the region on chromosome 13 associated with natural hair color GWAS, we found 117 SNPs with P , 1 × 10 27 in two LD blocks in this region (chr13:77 259 946 -77 370 845). We forced in the top SNP in the regional Manhattan plot (rs975739) and selected other two tag-SNPs (rs1146927 and rs58188699) for replication using the Tagger program in Haploview 4.2 (r 2 . 0.8) (42, 43) . A proxy SNP was selected for each of them to ensure the validity of genotyping. For each region associated with the number of sunburns, brown eye color and intermediate eye color, we selected the SNP with the strongest association as the representative. Besides, two novel regions revealed promising associations with the number of NMSCs in the discovery stage: one on chromosome 6 and the other on chromosome 14. We selected the five SNPs with the strongest associations as the representatives (two on chromosome 6 and three on chromosome 14). Additionally, the well-known pigmentation SNP rs12913832 in HECT and RLD domain containing E3 ubiquitin protein ligase 2 (HERC2) revealed the strongest association with brown eye color in our study and also a significant interaction with the SNP rs7173419 in OCA2. To validate this interaction, we further selected rs12913832 and rs7173419 for replication.
Genotyping, imputation and quality control
We previously used either the Illumina/Affymetrix SNP chip for the genotyping of the component GWAS sets (34) (35) (36) . We used Illumina HumanHap550 array to perform genotyping in the BC_NHS (34), used Illumina 610Q array to perform genotyping in the KS_HPFS and used Affymetrix 6.0 array in the other four GWAS sets, including T2D_NHS, T2D_HPFS (35) , as well as CHD_NHS, CHD_HPFS (36) . For five of the GWAS sets (BC_NHS, T2D_NHS, T2D_HPFS, CHD_NHS and CHD_HPFS), we used the MACH program (44) to impute 8 221 074 autosomal SNPs based on haplotypes from the 1000 Genomes Project (using the August 2009 release of the Sanger Institute SNP calls based on the pilot 1 project). For the KS_HPFS set, we used the same program to impute 2 543 887 autosomal SNPs based on haplotypes from the HapMap database phase II data build 35 (CEU) (45) . The HapMap imputed data of T2D_HPFS and CHD_HPFS were used for eye color GWASs to be combined with KS_HPFS. Samples from the six GWASs were imputed separately. We observed high imputation quality in each cohort's imputation. In particular, the numbers of SNPs with MACH r 2 . 0.4 were 7 438 552 (90.5%) for NHS_BC, 7 399 703 (90.0%) for NHS_T2D, 7 437 076 (90.5%) for NHS_CHD, 7 370 611 (89.7%) for HPFS_T2D and 7 417 449 (90.2%) for HPFS_CHD. Most of the imputed SNPs were common [for all five cohorts, .98% SNPs have a minor allele frequency (MAF) . 0.01 and .79% SNPs have an MAF . 0.05]. SNPs with imputation r 2 . 0.4 and an MAF . 0.01 in each study were included in meta-analysis. Finally, 7 588 169 SNPs were analyzed for natural hair color, tanning ability, the number of sunburns and the number of NMSCs, and 2 469 762 SNPs were analyzed for eye colors.
The promising SNPs selected from the discovery stage were genotyped in the replication sets using TaqMan/BioTrove assays at the Dana Farber/Harvard Cancer Center Polymorphism Detection Core. Laboratory personnel were blinded to the case-control status, and blinded quality control samples were inserted to validate genotyping procedures; concordance for the blinded samples was 100%. Primers, probes and conditions for genotyping assays are available upon request. All these SNPs were successfully genotyped with call rate .95%, except for the SNP rs1146926 (a proxy SNP of rs1146927), which failed in genotyping.
As for the melanoma risk association study, the samples were previously genotyped by the Illumina Omni 1M Quad V1-0_B SNP chip (41) . An imputation was conducted based on the genotyped SNPs and haplotype information in the HapMap phase II data build 35 (CEU) (45) . For the SNPs used in this study, the SNPs rs12913832, rs12421680, rs12520016 and rs12203592 were directly genotyped, and the SNPs rs975739, rs3002288 and rs7173419 were imputed with imputation r 2 of 1.00, 0.92 and 0.98, respectively.
Statistical analysis
We used linear regression to test the association between minor allele counts and phenotypes of hair color, tanning ability, the number of sunburns and the number of NMSCs, and used logistic regression to test association separately for brown, intermediate and blue eye colors as co-dominant outcomes (comparing one with the other two). The imputed dosage data were used for the analysis. The model was adjusted for the first four principal components. Age was also adjusted for the GWASs of the number of sunburns and the number of NMSCs, but not for the other pigmentation traits, which were not likely to be confounded by age. We used ProbABEL for the GWAS analysis in this study. Associations in each component GWAS set were combined in an inverse-variance-weighted meta-analysis using the METAL software. We additionally adjusted for gender in the skin cancer replication set, which was mixed of males and females. The same meta-analysis was conducted to combine the component replication sets and to combine the discovery set and the replication set. We used logistic regression for the melanoma risk association study and adjusted for age, gender and the first two principal components. These principal components were calculated for all individuals on the basis of approximately 10 000 unlinked markers using the EIGEN-STRAT software (46) . We used the algorithm developed by Kraft et al. (47) to infer the haplotypes from the unphased genotypic data. The description of this algorithm was previously published, and this approach has been proved by simulation studies as well as subsequent applications in several other studies (47) (48) (49) .
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